In our recent investigation, a 3.3 kJ Mather type plasma focus was used to synthesize FeCo nano-particles. The tops of the anodes normally used were replaced by the materials to be synthesized using different numbers of focus shots. It is observed that the characteristics of the nano-particles depend not only on the numbers of focus shots but also on the angular position of the mounted sample. SEM results show that the size of the nano-particles is smaller when the sample is mounted at a bigger angular position. The size of the particles increases linearly with the increase in the number of focus shots. EDX shows that the FeCo nano-particles are stoichiometric. The magnetic properties measured using a vibrating sample magnetometer identify the soft magnetic nature of the FeCo nano-particles. The saturation magnetization has been found to increase in samples prepared with a higher number of focus shots using repetitive plasma focus NX2.
Introduction
The current curiosity about nano-particles has been phenomenally increasing because of their interesting electronic, optical, magnetic, mechanical and chemical properties [1] . Interest in these materials is motivated by the fact that the small grain size gives the nano-particles unique physical and chemical properties which are totally different from those of their bulk counterparts. The metallic nano-particles of magnetic materials draw special attention owing to their notable uses and applications in ultrahigh density data storage, gas sensor, toner material for high quality colour copiers and printers, new generation electric motors and generators, environment friendly refrigerants and biomedicine [1] [2] [3] . Each of the applications requires that the magnetic nano-particles have different properties [2] . Hence, the synthesis of magnetic nano-particles in a controlled manner is still a real challenge for their practical usages. Several chemical and physical methods such as sol-gel, ion implantation and sputtering, spray and laser pyrolysis, chemical and physical vapour deposition and pulsed laser ablation deposition (PLAD) have been employed for synthesis of nanoparticles [4] [5] [6] [7] [8] . In particular, molecular beam epitaxy, triode sputtering, ultrasound-assisted electrochemistry, dc magnetron sputtering, laser ablation and e beam were also used to deposit magnetic particles [8] [9] [10] [11] and thin films [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Compared with these methods, plasma focus, as a copious source of energetic ions, has advantages such as high deposition rate, energetic deposition process and possible deposition under reactive background gas pressures. The deposition process in dense plasma focus (DPF) is done through heating, compressing and ionizing the filling gas to form plasma. The plasma then disintegrates due to plasma instabilities which generate energetic ions and relativistic electrons. The energetic electrons along with plasma jet are responsible for the ablation of the anode material and the ablated material is deposited on the substrate. The thin film deposition mechanism in a plasma focus device is described in detail by Soh et al [21] . In our present investigation, a single shot plasma focus machine was used to synthesize FeCo magnetic nano-particles and they were characterized using different methods including scanning electron microscopy (SEM), energy dispersive x-ray (EDX) spectroscopy, x-ray diffraction (XRD) and vibrating sample magnetometry (VSM). 
Experimental setup
In our investigation, a 3.3 kJ single shot Mather-type DPF device was employed, as shown in figure 1 , to synthesize FeCo nano-particles using 5 to 30 focus shots. The top of the anode was replaced by a FeCo solid tip. A silicon wafer, working as the substrate, is cut into smaller dimensions of 10 mm × 10 mm × 0.68 mm and then washed by soaking it in acetone, alcohol and de-ionized water, respectively, for durations of 5 min in an ultrasonic bath. A specially designed substrate holder was used to mount silicon substrates at different angular positions with respect to the anode axis which are named off-centre (18 • ) and outermost (36 • ) positions. There are numerous investigations about the ion emission characteristics of the plasma focus device [22, 23] . The ion flux and energies are reported to change/decrease with the increase in angle [24] with respect to the anode axis and this results in the different nature of the thin films deposited at different angular positions. We avoided making the deposition along the anode axis (i.e. 0
• ) as the thin films deposited along this direction are not very uniform because of high flux of high energy ions and also the very high energy of the ions creates surface defects such as cracks and craters.
It is well known that a plasma focus device needs some conditioning shots (3-5 in our case) if it is subjected to atmosphere. Since different samples need a new set of Si substrates, the system requires conditioning shots after each fresh loading of samples. A manual shutter was used, between the anode and the silicon substrates, to avoid deposition during conditioning shots so that the deposition is done under uniform focus operation. Once a strong focus peak was observed in the voltage probe signal (typically within 3-5 focus shots in our case) the shutter was removed and a thin film was deposited using a designated number of deposition shots. The distance between the substrate holder and the anode top was fixed at 120 mm for the entire set of depositions.
In our investigation, neon is used as the filling gas for FeCo nanomaterial depositions as, owing to its inert nature, it does not react with FeCo and the silicon substrate to give different compounds. The plasma focus machine was operated at 14 kV and at neon filling gas pressure of 3 mbar. The interval of two focus shots is 1 min. A JOEL JSM-6700F SEM with an Oxford EDX attachment, Siemens D5005 XRD, and Lakeshore 7400 VSM were used to observe the surface morphology, crystal structure and magnetic properties of the synthesized nanoparticles. Figure 2 shows the topography of FeCo samples deposited at different angular positions using different numbers of focus shots. The FeCo nano-particles synthesis is very much evident in all the SEM images of figure 2. The variation in FeCo nano-particle size with the variation in the number of focus shots is plotted in figure 3 . It may be noticed that the nanoparticle size increases linearly with the increase in the number of focus shots. For a smaller number of focus shots the texture of the sample surface looks smoother as the nano-particle size decreases and they appear to pack more densely. A comparison of the samples prepared at different angular positions but using the same number of focus shots shows that nano-particle size at the outermost position is smaller than the nano-particle at the off-centre position. This is due to the fact that with the increase in the angular position of the deposited sample, the flux and the energy of the ablated ions is reduced resulting in the decrease in the size of the nano-particles. Sizes of nanoparticles as small as 30 nm are achieved with 5 shots at the outermost position. The decrease in nano-particle size with increasing angular position results in smoother surface texture for depositions at the outermost positions as compared to the one at off-centre positions. Figure 4 shows a typical EDX spectrum of a sample synthesized at the off-centre position for 30 shots. The quantitative analysis of Fe and Co using a background scan in EDX for the combination of different gas pressures and deposition shots is plotted in figure 5(a) . It must be noted that for a similar number of focus shots the sample prepared at the off-centre position has a higher atomic percentage of Fe and Co as compared to the one prepared at the outermost position. The Fe and Co atomic percentage is also seen to increase with the increase in the number of shots. These trends are consistent 
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Topography of FeCo thin film using SEM
Quantitative analysis of FeCo thin film using EDX
Structural characteristics of FeCo thin film
The XRD spectra for samples prepared at the outermost position are shown in figure 6 . It can be noticed that the products deposited with 5, 10 and 20 shots are amorphous in nature as their XRD do not show any diffraction peaks. The sample prepared with 30 shots shows the presence of a crystalline structure which may be due to the fact that with the higher number of shots there was enough energy, more than the free energy required for crystallization, transferred to the sample surface by the high energy ions of the filling gas species of the plasma focus device. Another reason could be that with the increase in the number of shots there is more material on the surface and hence correspondingly there will be more x-ray photons that could be diffracted. The product obtained with 30 shots is partially oxidized. This is due to the fact that the Si substrate has an oxide layer. When neon plasma, initially, hits the substrate, an etching process takes place causing the cleaning of the substrate and ablation of oxygen atoms from the Si substrate surface. Subsequently, when the ablated Fe and Co ions condense on the substrate they would react with the oxygen ions contributed by the oxide layer ablation from the Si substrate and also from the impure oxygen atoms present in the chamber as the base pressure is not very low, typically 10 −3 mbar.
XRD spectra at the off-centre position are shown in figure 7 . It can be seen that the products synthesized using 5 and 10 focus shots are amorphous in nature. However, the samples prepared using 20 and 30 shots are crystalline. The early crystallization in this case, i.e. crystallization at 20 deposition shots as compared with 30 shots for the outermost position sample, is due to the fact that ion energy and flux are higher at the lower angular (off-centre) position. Crystalline peaks of (220) • are seen. The high-energy high-fluence ions therefore play an important role in the growth of as-deposited crystalline FeCo nano-particles at the off-centre position. The intensity of the (220) CoFe 2 O 4 peak has been found to decrease from 20 to 30 shots. This is expected because the rest of the peaks present at 30 shots have increased leading to the compensation for the decrease in intensity of the (220) CoFe 2 O 4 peak. It can also be observed that all the peaks present at 20 shots have shifted when 30 shots are fired. This is probably due to changes in the stress level that the products experience when a higher number of shots are used for sample synthesis. According to the stress formula given by [25] 
a shift in the peak can be used to calculate the residual stress in the sample. Taking the elastic constants as k, d/d × k = residual stress. At 20 shots for the (220) CoFe 2 O 4 peak at 29.27
• , the residual stress is −0.0259k.
At 30 shots for the (220) CoFe 2 O 4 peak at 29.60
• , the residual stress is −0.0160k.
Therefore, there is a greater amount of compressive residual stress with 20 shots compared to 30 shots. The compressive residual stress experienced with 20 shots is about 1.62 times that of 30 shots.
Magnetic field measurement using vibrating sample magnetometer
A typical VSM result for the off-centre position for 30 shots deposition is shown in figure 8 . The magnetism for different shots at the similar angular position is plotted in figure 9 . It can be seen that magnetization increases from 5 to 30 shots. There is a relationship between the number of shots and magnetization and a higher number of shots gives greater magnetization. The outermost position is not taken into consideration because the data are not very reliable. The offcentre position does not give good saturation magnetization values of FeCo. However, there is a trend of increasing magnetization with the increase in the number of shots fired. 
Magnetism improvement using larger number of deposition shots
As mentioned in the previous sub-section, a relatively low saturation magnetization is observed in deposited FeCo samples and this saturation magnetization is found to increase with the increase in deposition shots. Therefore, a repetitive plasma focus machine designated as NX2 [26] was employed to deposit FeCo samples for a large number of deposition shots as using a single shot machine which operates at 1 min frequency would take a long time to synthesize a 100 shot sample. The NX2 is a 27.6 µF (1.98 kJ at 12 kV charging) Mather-type DPF device which can be operated at a maximum of 16 Hz repetition rate. In the present investigation, it was operated at 3 mbar neon, 12 kV charging and 1 Hz repetition rate.
At first, the NX2 machine was fired for ten deposition shots to compare the results with the results obtained in a single shot plasma focus machine. Figure 10 is the topography of FeCo sample deposited using ten NX2 shots but in repetitive mode (1 Hz). A uniform FeCo thin film composed of agglomerates with a size of 100 nm was observed. EDX scanning shows the Fe and Co atomic percentage to be 7.92% and 7.62%, respectively. Compared with the results for the similar number of shots using the single shot DPF machine, we can see that the atomic percentages of Fe and Co are higher on the sample deposited using the repetitive NX2 focus device. The XRD showed that this sample is not crystalline. Next, a much larger number of deposition shots (100 shots) was used to deposit the FeCo samples using the NX2 focus device operated at 1 Hz. The topography of samples deposited using 100 focus shots is shown in figure 11 . It shows that the FeCo thin film is made up of agglomerates with sizes several hundred nanometres and these agglomerates are composed of small grains having the same size as the low number of shots. Figure 12 is the EDX result for 100 deposition shots using the repetitive plasma focus device. From it we can see that deposited FeCo thin film is so thick that Si K α emission from the surface of samples is low and the atomic percentages of Fe and Co are quite high. The FeCo sample is shown to be the crystalline in nature using XRD, as shown in figure 13 . The significant peaks shown in figure 13 correspond to (110) FeCo, (200) FeCo, and (210) FeCo. A saturation magnetization of 76 memu is measured on 100 shot depositions, as shown in figure 14 , indicating that the samples deposited using 100 deposition shots are of intermediate magnetic strength and can be used for data storage applications. A more systematic study of FeCo nano-phase material synthesis using a larger number of deposition shots using the NX2 repetitive plasma focus is planned and will be reported later.
Conclusions
FeCo nano-particles have been successfully synthesized using a 3.3 kJ Mather type plasma focus machine. FeCo nanoparticles with sizes ranging from 30 to 80 nm have been synthesized using different numbers of focus shots at different angular positions. Nano-particles of smaller size with better surface uniformity have been synthesized at the outermost position, i.e. at a bigger angular position. This size dependence is a direct consequence of the ion emission characteristics of the plasma focus device. The increase in the number of deposition shots increases the size of nano-particles. EDX spectroscopy showed that the FeCo samples were stoichiometric. XRD scanning shows the crystal characteristics changing with the variations in the positions and deposition shots. The saturation magnetization was found to increase significantly with the increase in the number of focus deposition shots to 100. This opens up the scope for an interesting systematic investigation of nano-phase magnetic material synthesis using a much larger number of focus shots in a repetitive plasma focus device.
